In mice deficient in progesterone receptor (PR), follicles of ovulatory size develop but fail to ovulate, providing evidence for an essential role for progesterone and PR in ovulation in mice. However, little is known about the expression and regulation of PR mRNA in preovulatory follicles of ruminant species. One objective of this study was to determine whether and when PR mRNA is expressed in bovine follicular cells during the periovulatory period. Luteolysis and the LH/FSH surge were induced with prostaglandin F 2␣ and a GnRH analogue, respectively, and the preovulatory follicle was obtained at 0, 3.5, 6, 12, 18, or 24 h after GnRH treatment. RNase protection assays revealed a transient increase in levels of PR mRNA, which peaked at 6 h after GnRH and declined to the time 0 value by 12 h and a second increase at 24 h. The second objective was to investigate the mechanisms that regulate PR mRNA expression through in vitro studies on follicular cells of preovulatory follicles obtained before the LH/FSH surge. Theca and granulosa cells were isolated and cultured with or without a luteinizing dose of LH or FSH, progesterone, LH ؉ progesterone, or LH ؉ antiprogestin (RU486). Levels of PR mRNA increased in a time-dependent manner in granulosa cells cultured with LH or FSH and in theca cells cultured with LH, peaking at 10 h of culture. In contrast, progesterone (200 ng/ml) did not upregulate mRNA for its own receptor, and neither progesterone nor RU486 affected LH-stimulated PR mRNA accumulation. Furthermore, RU486 completely blocked LH-stimulated expression of oxytocin mRNA, indicating that PR induced by LH in vitro is functional. These results show that the gonadotropin surge induces a rapid and transient increase in expression of PR mRNA in both theca and granulosa cells of bovine periovulatory follicles followed by a second rise close to the time of ovulation and that the first increase in PR mRNA can be mimicked in vitro by gonadotropins but not by progesterone. These results suggest multiple and time-dependent roles for progesterone and PR in the regulation of periovulatory events in cattle.
INTRODUCTION
In addition to its role as a substrate for production of other steroids, progesterone is a key regulator of reproduc- tive events, including ovulation and luteinization. Anti-progesterone antiserum blocked LH-induced ovulation in rats [1] . Likewise, various inhibitors of progesterone biosynthesis, such as isoxazol [2] , epostane [3, 4] , compound A [5] , and trilostane [6] , and progesterone receptor (PR) antagonists such as RU486 [7] and Org 31710 [8] inhibited LHinduced ovulation in rats [3-5, 7, 8] , primates [6] , and sheep [2] . In cultured rat [9] , human [10] , and bovine [11] granulosa cells, RU486 prevented LH-induced luteinization. Recent studies on PR-deficient mice provide strong support for a crucial role of progesterone and its receptor in mediating the ovulatory process; mice lacking PR develop large follicles but fail to ovulate, even in response to exogenous gonadotropins [12, 13] .
The PR, a member of the nuclear transcription factor superfamily, mediates many of progesterone's actions on ovarian tissues [14] , although other progesterone binding sites have been implicated in the mediation of nongenomic actions of progesterone on follicular cells [15] [16] [17] . In primate [18] , rabbit [19] , and porcine [20] ovaries, PR has been immunolocalized to theca cells of antral follicles and to granulosa cells of preovulatory follicles that either were obtained after the LH surge [18, 20] or were exposed to an ovulatory dose of hCG in vivo [19] , whereas granulosa cells of small and medium-size antral follicles were consistently negative for PR [18] [19] [20] . In rats, in contrast, PR mRNA was localized by in situ hybridization to granulosa but not theca cells of preovulatory follicles; its expression was transient and tightly coupled to the preovulatory gonadotropin surge [21] . The transient induction of PR mRNA could be mimicked by ovulatory concentrations of LH and FSH in cultures of rat [9] or porcine [22] granulosa cells. Two forms of PR protein (A and B) have been identified by immunoblot analysis of cultured rat granulosa cells [9] and porcine ovaries [20] .
In bovine ovaries, production of progesterone and oxytocin by preovulatory follicles increases in response to the gonadotropin surge, whereas production of estrogen and androgen declines [23] [24] [25] . Progesterone stimulates oxytocin secretion by bovine granulosa cells from preovulatory follicles obtained before the LH surge [26] , and PR antagonists inhibit oxytocin production and oxytocin mRNA expression in cultured bovine granulosa cells obtained from slaughterhouse ovaries [11] , suggesting at least one functional role for PR in bovine periovulatory follicles. PR mRNA has been detected in cultured bovine granulosa cells [11] and in the bovine corpus luteum (CL) [27] . However, nothing is known about the pattern of expression or regulation of the PR in bovine preovulatory follicles. In the present study, we determined when and where PR mRNA is expressed in bovine follicular cells in vivo during the periovulatory period (i.e., between the gonadotropin surge and ovulation), tested hypotheses about the regulation of expression of PR mRNA through in vitro studies on follic-ular cells of bovine preovulatory follicles obtained before the LH surge, and examined whether the PR induced in vitro is functional.
MATERIALS AND METHODS

Animals
Holstein heifers exhibiting normal and regular estrous cycles were used in accordance with procedures approved by the Cornell University Animal Care and Use Committee. To induce regression of the CL and initiate a follicular phase, animals were injected with 25 mg of prostaglandin F 2␣ (PGF 2␣ ) (Lutalyse; Pharmacia and Upjohn Co., Kalamazoo, MI) on the evening of Day 6 or the morning of Day 7 of the estrous cycle (Day 0 ϭ onset of estrus). Jugular blood samples were collected twice daily beginning on Day 6 of the estrous cycle. Plasma samples were stored frozen for later measurement of progesterone to verify that luteal regression had been induced. Thirty-six hours after PGF 2␣ injection, 100 g of a GnRH analogue (Cystorelin; Sanofi Animal Health, Overland Park, KS) was administered i.m. to induce the LH surge. This experimental protocol induces ovulation (about 29 h after GnRH injection) and a normal luteal phase [25] . Ovaries were examined daily by transrectal ultrasonography, beginning on Day 4 of the cycle, to monitor development of the preovulatory follicle as described previously [28] .
Collection of Follicles During the Periovulatory Period
The ovary bearing the preovulatory follicle was removed by colpotomy at 0 (36 h post-PGF 2␣ ), 3.5, 6, 12, 18, or 24 h post-GnRH injection (n ϭ 3 follicles/time point). The ovary was transported from the farm to the laboratory (ϳ10 min) in ice-cold Eagle minimum essential medium (MEM) buffered with 25 mM Hepes, supplemented with penicillin (50 U/ ml) and streptomycin (50 g/ml) (all obtained from Gibco BRL, Grand Island, NY). The preovulatory follicle was dissected from the ovary as described previously [29] . The theca interna with adherent granulosa cells was peeled off the theca externa and surrounding stromal tissue. The resultant follicle wall preparation (theca interna with attached granulosa cells) was cut into small pieces and frozen in liquid N 2 for later extraction of total RNA.
Collection of Follicles Before the LH Surge; Isolation and Culture of Theca and Granulosa Cells
The ovary bearing the preovulatory follicle was removed 36 h after PGF 2␣ injection. The preovulatory follicle was dissected and processed as described previously [29] . Granulosa cells were scraped from the theca interna with a bent glass needle and counted using a hemacytometer. One tenth of the granulosa cells were snap-frozen in liquid N 2 and used as the 0 h control. The remaining granulosa cells were distributed to 12-well plates (ϳ500 000 cells/well; Costar, Cambridge, MA). The theca interna tissue was cut into 60 pieces; 6 pieces were selected at random, snapfrozen in liquid N 2 , and used as the 0 h control, and the rest were distributed to 24-well plates (3 pieces/well; Costar, Corning, NY). Granulosa cells and pieces of theca interna were cultured in defined medium consisting of Eagle MEM, supplemented with penicillin (50 U/ml), streptomycin (50 g/ml), L-glutamine (2 mM), nonessential amino acids (0.1 mM), insulin (27.6 mIU/ml), human transferrin (5 g/ml), and cortisol (40 ng/ml).
To determine the effects of gonadotropins on the expression of PR mRNA, granulosa cells and pieces of theca interna were incubated in medium alone or with LH (100 ng/ml, NIH LH-S26) or FSH (100 ng/ml, NIH FSH-S17) for 4, 10, or 24 h. To determine the effects of progesterone on the expression of PR mRNA, granulosa cells were incubated for 10 h in medium alone or with progesterone (200 ng/ml; the approximate concentration in the follicular fluid 3.5 h post-GnRH [30, 31] ), LH (100 ng/ ml), LH ϩ progesterone, or LH ϩ RU486 (1 M; this concentration blocked oxytocin mRNA expression in cultures of bovine granulosa cells [11] ). To determine whether the increase in PR mRNA induced by LH in vitro is correlated with an increase in functional PR, granulosa cells were cultured in medium alone or with LH (100 ng/ml) or LH ϩ RU486 (1 M) for 48 h. At the end of each culture period, granulosa cells in two culture wells from each treatment group were subjected to a direct lysate RNase protection assay (RPA), and theca interna pieces were snap-frozen for later isolation of total RNA. Experiments were repeated with cells from three preovulatory follicles.
Generation of the Plasmid Containing Bovine cDNA for PR
A 325-base pair (bp) bovine PR cDNA fragment was generated by reverse transcription-polymerase chain reaction (RT-PCR). Total RNA (1 g) isolated from a bovine CL obtained on Day 7 of the estrous cycle was reverse transcribed at 37ЊC for 1 h using avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI) and a random hexamer primer (Promega). First-strand cDNA samples were amplified using oligonucleotide primer pairs (5Ј-CCCACAGGAGTTTGTCAAGCTC-3Ј, 5Ј-TAACTTCAGACATCATTTCCGG-3Ј) based on the previously reported sequence of ovine PR cDNA (GenBank accession number Z66555) within the region coding for the steroid-binding domain of the receptor. Amplification consisted of a preincubation at 94ЊC for 5 min before adding Taq polymerase (Perkin-Elmer, Foster City, CA) and then 35 cycles of 94ЊC for 30 sec, 57ЊC for 30 sec, and 72ЊC for 30 sec. A PCR product of the predicted size was cloned into the pGEM-T Easy Vector and sequenced using BIG Dye Terminator chemistry and AmpliTaq-FS DNA polymerase (ABI 377 Automated DNA Sequencer; Applied Biosystem Division, BioResource Center/DNA Sequencing Facility, Cornell University, Ithaca, NY). The 325-bp bovine PR gene fragment was 96%, 95%, 94%, and 94% similar to the sheep, pig, rhesus monkey, and human PR cDNA sequences, respectively (BLAST database; www.ncbi.nlm.nih.gov/blast; [32] ).
Quantification of PR mRNAs and Oxytocin
Total RNA was extracted from follicle wall samples, cultured theca interna, bovine CL, myometrium from a pregnant cow, and bovine spleen using Trizol reagents (Life Technologies, Grand Island, NY) according to the manufacturer's protocol. Aliquots of 10-15 g total RNA were used for Northern blot analysis as described previously [33] with the following modifications. To synthesize radiolabeled riboprobes, plasmids containing bovine cDNAs for PR and 18S rRNA [34] were linearized with NcoI and EcoRI, respectively, and transcribed using [␣-32 P]CTP (10 mCi/ml; DuPont New England Nuclear, Boston, MA) and SP6 and T3 RNA polymerase, respectively. Membranes were hybridized sequentially with 10 6 cpm 32 P-labeled antisense riboprobe for PR and 5 ϫ 10 3 cpm 32 P-labeled antisense riboprobe for 18S rRNA per milliliter of ULTRAhyb hybridization buffer (Ambion, Austin, TX). After hybridization at 68ЊC for at least 16 h, excess probe was removed by three washes at room temperature in 2ϫ saline-sodium citrate (SSC) and 0.1% SDS for 5 min and two stringent washes in 0.1ϫ SSC and 0.1% SDS at 65ЊC for 60 min. The membrane was exposed to Fuji Medical x-ray film (Fisher Scientific, Pittsburgh, PA) for 24 h at Ϫ80ЊC with one intensifying screen and subsequently exposed to a phosphorimaging plate (Fuji Medical Systems, Stamford, CT). Radioactivity in each band was quantified with a Fuji BAS1000 PhosphorImager (Fuji, Tokyo, Japan). The relative levels of PR mRNA were calculated by dividing the intensity of the PR mRNA band by the intensity of the corresponding 18S rRNA band.
RPAs were carried out according to the instructions for the RPA II kit (Ambion). Samples of total RNA (1-2 g) were hybridized with excess amounts of 32 P-radiolabeled antisense riboprobes for bovine PR and 18S rRNA for 12-15 h at 45ЊC. The protected fragments were fractionated by electrophoresis through a 6% denaturing polyacrylamide gel containing 7 M urea. After electrophoresis, the gel was covered with plastic wrap and exposed to Fuji Medical x-ray film and then to a phosphorimaging plate. Radioactivity in each band was quantified by phosphorimaging, as described above.
Lysate RPAs were carried out according to the instructions for the Direct Protect lysate RPA kit (Ambion). Granulosa cell lysates were hybridized with excess amounts of 32 P-radiolabeled antisense riboprobes for bovine PR and 18S rRNA or for bovine oxytocin and 18S rRNA overnight at 37ЊC. Bovine cDNA for oxytocin (a gift from Dr. D. Richter, University of Hamburg, Hamburg, Germany) was linearized with AvaII and transcribed using [␣-32 P]CTP and T3 RNA polymerase. The protected fragments were fractionated, and the relative levels of mRNA for PR or oxytocin were quantified by phosphorimaging as described above.
Statistical Analyses
All data are presented as means Ϯ SEM. Data were tested for homogeneity of variance by a Hartley test, and log transformations were performed on data sets that had heterogeneous variances. All data were analyzed by ANOVA using the general linear model procedure of SAS (Carey, NC). The model included effects of time of tissue collection for comparisons of levels of PR mRNA across time from GnRH administration or effects of treatment in vitro on levels of mRNA for oxytocin. A model statement testing for effects of time of culture or treatment in vitro was used on levels of PR mRNA in cultured theca and granulosa cells. If ANOVAs revealed significant effects of treatments or time of culture, the means of treatment groups or means after various times of culture were compared using a Duncan multiple range test.
RESULTS
Expression of PR mRNA in Periovulatory Follicles
Multiple PR gene transcripts of ϳ8, 4, and 1.6 kilobases (kb) were detected in total RNA from bovine follicle wall obtained 6 h after GnRH injection, Day 7 CL, and myometrial tissue from a pregnant cow but not in total RNA from spleen, which has been reported to be negative for PR mRNA [27] (Fig. 1) . To determine whether PR mRNA is induced or upregulated in periovulatory follicles by the gonadotropin surge in vivo, total RNA was isolated from bovine periovulatory follicle wall obtained at various times after GnRH injection and subjected to Northern blot analysis (Fig. 2) . PR mRNA was detected in total RNA isolated from follicle wall obtained at 3.5, 6, or 24 h after GnRH injection; 8-and 4-kb transcripts were the most abundant, and upon longer exposure, a faint 1.6-kb transcript was evident. The samples were also analyzed by RPAs to increase the sensitivity of detection and quantification for PR mRNA. Like the Northern blots, results from RPAs revealed a triphasic pattern of change in the levels of PR mRNA, which initially peaked at 6 h after GnRH injection (15-fold increase relative to 0 h; P Ͻ 0.01), declined to time 0 values by 12 h, and then increased again by 24 h (6-fold increase relative to 0 h; P Ͻ 0.05; Fig. 3) . 
Expression of PR mRNA in Theca and Granulosa Cells Cultured with Gonadotropins
To determine whether the effects of the gonadotropin surge in vivo on PR mRNA expression can be mimicked in vitro, theca and granulosa cells isolated from preovulatory follicles obtained before the LH surge were cultured with or without a luteinizing dose of LH or FSH. Levels of PR mRNA in granulosa cells cultured in medium alone did not change between 0 and 10 h and then decreased between 10 and 24 h (P Ͻ 0.05; Fig. 4 ). Both LH and FSH increased PR mRNA expression in a time-dependent manner in granulosa cell cultures (P Ͻ 0.05). The highest expression was observed at 10 h (3.1-fold and 4-fold higher with LH and FSH, respectively, compared with 0 h levels), and expression declined to 0 h levels by 24 h of culture. PR mRNA levels were higher in granulosa cells cultured with LH or FSH than in control cultures at all culture times (P Ͻ 0.05).
Levels of PR mRNA in theca cells cultured in medium alone did not change throughout the culture period (P Ͼ 0.05; Fig. 5 ). LH increased PR mRNA expression in a timedependent manner in theca cell cultures (P Ͻ 0.05). Expression peaked at 10 h (2.5-fold higher than 0 h levels) and declined to levels in control cultures by 24 h. As expected, FSH had no effect on the levels of PR mRNA in theca cells at any time of culture (P Ͼ 0.05).
Expression of PR mRNA in Granulosa Cells Cultured with Progesterone or RU486
In cattle, the rapid rise in intrafollicular progesterone after the LH surge precedes the first increase in PR mRNA expression. To determine whether this rise in intrafollicular progesterone at the time of the gonadotropin surge has a role in the upregulation of PR mRNA in bovine granulosa cells after the LH surge in vivo, the effect of progesterone or the PR blocker RU486 on expression of PR mRNA was tested. As expected, LH stimulated accumulation of PR mRNA (P Ͻ 0.05; Fig. 6 ). In contrast, progesterone at a concentration similar to that in bovine follicular fluid did not affect the levels of PR mRNA in cultured granulosa cells (P Ͼ 0.05). In addition, neither progesterone nor RU486 had any effect on LH-stimulated PR mRNA accumulation in cultured granulosa cells (P Ͼ 0.05).
Expression of Oxytocin mRNA in Granulosa Cells: Effects of RU486 In Vitro
To determine whether the increase in PR mRNA induced by LH is correlated with an increase in functional PR, the effect of RU486 on expression of oxytocin mRNA was determined. As expected, oxytocin mRNA was detected in granulosa cells cultured in control medium or with LH. The addition of LH increased the levels of oxytocin mRNA by about 40% over levels in control cultures (P Ͻ 0.05; Fig.  7) . Increases in the levels of oxytocin mRNA in granulosa cells cultured with LH were completely inhibited by RU486 (P Ͻ 0.05; Fig. 7 ). 
DISCUSSION
The levels of PR mRNA increase dramatically but transiently in follicular cells of bovine periovulatory follicles within several hours after the LH surge, followed by a second increase near the time of ovulation. This triphasic pattern of expression of PR mRNA reflects changes in concentrations of progesterone in the follicular fluid [31] . The transient increase in PR mRNA accumulation in follicular cells could be due to the preovulatory surge of LH and FSH. The time-dependent increases in PR mRNA stimulated by luteinizing doses of gonadotropins in both granulosa and theca cells in vitro provide further support for the hypothesis that the gonadotropin surge upregulates expression of PR mRNA in both theca and granulosa cells of bovine periovulatory follicles in vivo. The observation of upregulation of PR mRNA in bovine theca cells induced by LH in vitro is novel; no changes were observed in theca cells of periovulatory follicles of rats, the only other species examined for thecal PR mRNA [21] .
Multiple transcripts (ϳ8, 4, and 1.6 kb) of the PR gene were observed in the bovine tissues examined in this study. Similar heterogeneity of PR mRNA has been reported in primate [35] , rat [9, 21] , and sheep [36] tissues. For instance, multiple transcripts of the PR gene ranging from 11-to 3.1-kb size were detected in cultured rat granulosa cells [9] , and in primates luteinizing granulosa cells expressed 12-, 2.7-, and 0.7-kb PR transcripts [35] .
A similar pattern of rapid yet transient induction of PR mRNA by LH has been also observed in rat preovulatory follicles and cultured granulosa cells [9, 21] and in porcine granulosa cells [22] . In the eCG-primed rat ovary, PR mRNA was highly expressed in granulosa cells of preovulatory follicles, and its expression peaked at 5 h and declined by 12 h after hCG administration in vivo [21] . This time course of accumulation of PR mRNA after hCG injection was recapitulated in rat granulosa cells cultured with a luteinizing concentration of LH [9] . In cultured porcine granulosa cells, LH increased the level of PR mRNA in a time-dependent manner; it reached a peak at 3 h of culture and declined by 12 h [22] . These observations, together with results from the present study, suggest that the mechanism regulating the transient increase in PR mRNA in response to the LH surge is conserved across species and the stimulatory effect of gonadotropins on transcription of the PR gene is quite rapid but short lived. Previous studies have shown that LH receptor in rat granulosa cells is rapidly downregulated within several hours after the preovulatory gonadotropin surge [37] or injection of ovulatory doses of LH [38] or hCG [39] . Therefore, the early transient expression of PR mRNA may be associated with rapid downregulation of LH receptors and/or desensitization of the associated second messenger system after the preovulatory gonadotropin surge. The current results also provide evidence for species differences between rats and cattle in that a second increase in PR mRNA, close to the time of ovulation, was observed in bovine preovulatory follicles but not in rat preovulatory follicles [21] . The pattern of progesterone production by preovulatory follicles is also quite different between these two species. Progesterone concentrations in follicular fluid of bovine periovulatory follicles show a triphasic pattern of change during the periovulatory period [30, 31] , similar to the profile of PR mRNA expression in bovine follicle wall samples, whereas in the fluid of rat preovulatory follicles progesterone increases within 1 h of injection of LH and then remains elevated through the periovulatory period [40] . Rhesus monkeys appear to exhibit yet a third pattern in that an early transient rise in PR mRNA was observed within 12 h after an ovulatory stimulus, followed by a second increase between 24 and 36 h (ovulation expected at 36-38 h) [41] , whereas progesterone concentrations in the follicular fluid increased dramatically between 0 and 12 h and then were maintained at that level at 24 and 36 h [42] .
The coordinate changes in progesterone concentrations in follicular fluid and the levels of PR mRNA in follicular tissue in cattle suggest differential roles for progesterone in periovulatory follicular development in the early versus late periovulatory period. At present, it is difficult to pinpoint the specific targets of early versus later actions of progesterone on bovine follicular cells. However, in previous studies, concentrations of oxytocin [31, 43] and prostaglandins [44] in bovine follicular fluid increased dramatically close to the time of ovulation, coincident with the second dramatic rise in progesterone and PR mRNA. In addition, there is experimental evidence that progesterone stimulates production of oxytocin by bovine granulosa cells in vitro [26] , and a blocker of progesterone biosynthesis (isoxazol) inhibits synthesis of PGF 2␣ by blocking the conversion of PGE 2 to PGF 2␣ in periovulatory follicles of the ewe in vivo [2] . Therefore, the first increase in progesterone and PR mRNA may ensure the dramatic, simultaneous increases in follicular production of oxytocin, prostaglandins, and/or other important players in the ovulatory process during the periovulatory period, whereas the second rise in progesterone and PR mRNA may play an important role in the subsequent formation of the CL in cattle. This latter suggestion is supported by reports that PR and its mRNA have been detected in CLs of cattle [27] and primates [35, 45] but not in the CLs of cycling rats [21] , a species that does not exhibit a second rise in PR mRNA and does not develop fully functional CLs in the absence of pregnancy or pseudopregnancy. Further studies will be needed to determine whether the expression of PR protein in bovine follicular cells follows the triphasic pattern of change observed for PR mRNA during the periovulatory period.
In cattle, progesterone concentrations in follicular fluid are elevated Ͻ2 h after the peak of the LH surge, decline during the midperiovulatory period, and then increase again close to the time of ovulation [30, 31] . Because the early rise in intrafollicular progesterone after the LH surge precedes the first increase in PR mRNA and there is a low level of PR mRNA present before the surge, we examined whether progesterone affects expression of mRNA for its own receptor in follicular cells of bovine preovulatory follicles. Data from the present study showed that progesterone at a concentration (200 ng/ml) similar to that found in follicular fluid 3.5 h after GnRH injection (1.5 h after the LH peak in the blood) did not affect the levels of PR mRNA in granulosa or theca cells cultured for 10 h (results for theca cells not shown; based on results from duplicate theca cell cultures from one animal). We also tested the possibility that progesterone could augment the stimulatory effects of LH on PR mRNA expression in follicular cells by culturing cells with LH ϩ progesterone or LH ϩ RU486. Results from these experiments indicate that progesterone is not involved in the early transient increase in PR mRNA expression in bovine preovulatory follicles after the LH surge. Previous studies on the regulation of PR expression by its ligand in granulosa cells have generated conflicting results. For example, in vitro studies with rat [9] and porcine [22] granulosa cells have shown that progesterone has no effect on expression of PR or its mRNA, respectively, in those species. In contrast, treatment of rhesus monkeys in vivo with trilostane, an inhibitor of progesterone synthesis, prevented the transient increase in PR mRNA in granulosa cells of periovulatory follicles after hCG administration [41] . Trilostane treatment also reduced hCG-stimulated expression of PR protein (but not mRNA) in cultured granulosa cells [46] , implying that progesterone may play a role in the upregulation of PR in primate periovulatory follicles. Although results of the present study suggest that the early rise in intrafollicular progesterone is not required for the first increase in PR mRNA in bovine follicular cells after the LH surge, whether progesterone facilitates the second increase in PR mRNA and/or has a regulatory effect on expression of PR protein, as shown in primate granulosa cells, remains to be determined.
In cattle, oxytocin has been recognized as a valuable indicator for complex, yet finely tuned, cellular and molecular changes occurring in granulosa cells during luteinization [33] . We reported previously that oxytocin stimulates progesterone secretion in vitro by granulosa cells from bovine preovulatory follicles obtained before the LH surge [47, 48] . Conversely, steroids affected oxytocin secretion by granulosa cells. For instance, progesterone stimulated oxytocin secretion by cultured bovine granulosa cells of preovulatory follicles, whereas estradiol had a biphasic, concentration-dependent effect on oxytocin secretion [26] . High concentrations of estradiol inhibited oxytocin secretion, whereas low concentrations of estradiol stimulated its secretion in vitro [26] . In addition, PR antagonists inhibited the induction of oxytocin and its mRNA in luteinizing bovine granulosa cells from follicles obtained at a slaughterhouse [11] . In the present study, we also showed that treatment with a PR antagonist (RU486) completely blocked LH-stimulated oxytocin mRNA expression in granulosa cells from bovine preovulatory follicles obtained before the LH surge. In preliminary experiments, we found that this inhibitory effect could be reversed by medroxyprogesterone acetate (data not shown). Consistent with that result are the previous findings of Lioutas et al. [11] , who reported that the inhibitory effect of RU486 on oxytocin mRNA in cultured bovine granulosa cells could be reversed by addition of medroxyprogesterone acetate but not by dexamethasone, indicating that RU486 acts as a blocker of PR but not of glucocorticoid receptor in bovine granulosa cells from large antral follicles. Taken together, results from the current study show that the PR induced by LH in vitro is functional and support the idea of an autocrine positive feedback system in bovine granulosa cells in which progesterone stimulates oxytocin production and oxytocin further increases progesterone production during the periovulatory period.
In summary, the gonadotropin surge induced a rapid and transient increase in PR mRNA expression in bovine periovulatory follicles, followed by a later increase close to the time of ovulation. The increases in PR mRNA were concomitant with increases in follicular production of progesterone. The early transient rise in PR mRNA level could be mimicked in vitro by exposing granulosa cells to a luteinizing dose of LH or FSH and by exposing theca cells to LH, but not to progesterone. In addition, an antiprogestin completely inhibited LH-stimulated oxytocin mRNA expression in bovine granulosa cells, showing that the gonadotropin-induced increase in PR mRNA is functionally linked to a previously documented effect of progesterone. Further studies will be needed to identify other target genes for activated PR in bovine granulosa and theca cells and hence to identify other players in the cascade of events during the ovulatory process and luteinization in cattle.
